The aims of this study were to investigate the outcomes of second salvage auto-SCT and to identify the impacts of a second auto-SCT compared with systemic chemotherapy alone on disease outcome. Data from 48 patients who underwent second auto-SCT were matched to 144 patients (1:3) who received systemic chemotherapy alone from the Korean Myeloma Registry. Groups were matched for nine potential prognostic factors and compared for treatment outcomes. The median age of matchingpairs at relapse was 55.5 years. A total of 156 patients (81%) received vincristine, doxorubicin and dexamethasone induction therapy before the first auto-SCT. Thirty-five patients (73%) in the second auto-SCT group received novel agent-based therapies before the second auto-SCT, and similar proportion in both groups received novel therapies after relapse of front-line auto-SCT. With a median follow-up of 55.3 months, patients who underwent a second auto-SCT had significantly better median OS (55.5 vs 25.4 months, P ¼ 0.035). In multivariate analysis for OS, o18 months time to progression after first auto-SCT, International Staging System III and salvage chemotherapy alone were independent predictors for worse OS. The outcomes of second auto-SCT appear to be superior to those of systemic chemotherapy alone. A randomized trial comparing both treatment strategies is required.
INTRODUCTION
High-dose therapy with auto-SCT has been a standard of care for multiple myeloma in patients o65 years. 1, 2 However, nearly all patients who undergo front-line auto-SCT will relapse and require further salvage therapy. Although salvage systemic chemotherapy, [3] [4] [5] [6] second auto-SCT [7] [8] [9] [10] [11] [12] and allo-SCT 13, 14 are potential therapeutic options to address this issue, optimal treatment strategies for patients with multiple myeloma whose disease has relapsed after auto-SCT have not been established.
Several reports that focused on second salvage auto-SCT after relapse of front-line auto-SCT have been published. [7] [8] [9] [10] [11] [12] 15, 16 These studies demonstrated that second salvage auto-SCT was feasible and reasonably effective. In particular, several studies suggested that the time to progression (TTP) after first auto-SCT or interval between transplants is an important predictor of the outcome of second auto-SCT. 7, 8, 10, 11, 16 However, these studies have been criticized because of their small sample sizes. Furthermore, the lack of a control arm in these studies prevented exploration of the optimal treatment strategies for relapsed multiple myeloma. Recently, the introduction of novel agents such as thalidomide, lenalidomide and bortezomib has significantly changed the clinical outcomes of patients with multiple myeloma. There is emerging evidence suggesting that novel agent-based systemic chemotherapy may be effective for treating relapsed patients. [3] [4] [5] [6] Therefore, further studies comparing these different treatment strategies that incorporate novel agents in salvage setting are required. A prospective randomized trial is required to compare different therapies such as second auto-SCT or systemic chemotherapy for relapsed multiple myeloma. However, to date, no prospective studies have been conducted. Thus, our aims in this study were to investigate the outcomes of second salvage auto-SCT in patients who relapsed after frontline auto-SCT and to identify the impacts of second auto-SCT compared with salvage systemic chemotherapy alone. To minimize the heterogeneity between two treatment groups, we adopted a matched-pair design using a nationwide database.
MATERIALS AND METHODS

Study design and patients population
This study was conducted using the web-based 'Korean Myeloma Registry (KMR)' database of the Korean Multiple Myeloma Working Party (www.myeloma.or.kr). By 2010, a total of 4915 patients diagnosed with multiple myeloma between 1998 and 2010, had been registered in the KMR database. We identified 1146 patients who underwent front-line auto-SCT following induction chemotherapy from the KMR database. Of these, 49 patients who underwent second auto-SCT after relapse of front-line auto-SCT were included in the study cohort (Figure 1) .
The goal of this study was to perform a matched-pair analysis, each patient who underwent a second salvage auto-SCT was matched with 3 patients from a cohort of 517 patients treated with systemic chemotherapy alone after relapse of prior auto-SCT using the KMR database. The patients were matched for nine potential prognostic factors: age at relapse (o60 vs X60 years), serum creatinine level at diagnosis (o2 vs X2 mg/dL), the International Staging System (ISS; I vs II vs III), serum lactate dehydrogenase level (normal vs elevated), conventional cytogenetics (standard-risk vs high-risk), induction therapy at first auto-SCT (conventional cytotoxic agents vs novel agents), conditioning regimen at first auto-SCT (p highdose melphalan 140 mg/m 2 (MEL140) vs 4MEL140), response to front-line auto-SCT (X very good PR vs o very good PR) and TTP after first auto-SCT (p18 vs 418 months). Conventional cytogenetic results at diagnosis were grouped as high-risk and standard-risk groups. The high-risk cytogenetics indicated del(13q) or hypodiploidy, and standard-risk included all other cytogenetic results, including normal karyotype and hyperdiploidy. At least eight of these factors were required to match between the four matched patients. Records of matching controls were carefully reviewed and each institution was requested to provide the data for patients using additional study-specific case report forms. Suitable matching controls for one patient in the study cohort could not be found using these criteria, and this patient was therefore excluded from the analysis. A total of 48 groups of four patients met the matching criteria. Finally, 192 patients were selected for this analysis. Definitions of response were based on the International Myeloma Working Group uniform response criteria. 17 This study protocol was reviewed and approved by the institutional review board of each participating institution.
Statistical analysis
The primary end points were PFS and OS. Survival end points were calculated from the first day of second-line therapy after relapse until progression, death or last follow-up, as appropriate. TTP after first auto-SCT was defined from the first day of stem cell infusion during the first auto-SCT to the date of progression. PFS and OS were estimated by the KaplanMeier method, and comparisons between groups were made using the log-rank test. Clinical variables were compared using Pearson's w 2 -test or Fisher's exact test for categorical variables, and the Mann-Whitney test for continuous variables. Multivariate analysis was carried out using the Cox proportional hazards models. Variables with Po0.05 in univariate analyses were included in the multivariate model. The results were reported with a hazard ratio (HR) and 95% confidence interval (CI). Po0.05 was considered to reflect statistical significance. All statistical analyses were performed using SPSS for Windows, version 18.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
Patient characteristics and clinical findings of front-line auto-SCT Forty eight patients who underwent a second salvage auto-SCT were compared with 144 patients treated with salvage systemic chemotherapy alone using a matched-pair method. Baseline patient and clinical characteristics related to the two groups are summarized in Table 1 . The median age of matching-pairs of patients at relapse was 55.5 years (range, 33.4-68.5), and 106 patients (55%) were male. The ISS at diagnosis was III in 54 patients (28%), serum lactate dehydrogenase level was elevated in 133 patients (69%) and serum creatinine level was 2.0 mg/dL or more in 35 patients (18%). Conventional cytogenetic data were available for 156 patients (79%, Table 1 ). Of these, 18 patients (21%) were classified as high-risk. A total of 156 patients (81%) received vincristine, doxorubicin and dexamethasone (VAD) induction therapy before the first auto-SCT. Stem cell source was peripheral blood stem cells in all patients. The main conditioning high-dose regimen was 200 mg/m 2 of MEL200 in 179 patients (93%). Only 1 of 48 patients treated with second auto-SCT received o140 mg/m 2 of MEL. Median interval between diagnosis and first transplantation was 5.9 months (range, 3.3-25.4 months), and this was not significantly different between two groups. After first auto-SCT, maintenance therapy was given to 56 patients (29%), of whom 38 (20%) received thalidomide ± dexamethasone for a maximum of 14 months.
Information about front-line therapy response status was available in all patients. The response to front-line therapy was 67 CR (35%), 39 very good PR (20%), 68 PR (35%), 13 stable disease (7%) and 5 progressive disease (3%). The overall response rate after front-line auto-SCT was 90%. The median TTP after first auto-SCT was 12.0 months (range, 1.1-83.8 months). Fifty-seven patients (30%) had 18 months or more of TTP after first auto-SCT.
We found that our matching process was successful; the distribution of nine matching variables and unmatched other variables (Eastern Cooperative Oncology Group performance status, hypercalcemia and osteolytic bone lesions) was balanced between the two groups.
Salvage therapy after relapse of the first auto-SCT The regimens of induction therapy before second auto-SCT and second-line therapy in the systemic chemotherapy-alone group are listed in Table 2 . Before second salvage auto-SCT, 20 patients (42%) received induction therapy with bortezomib/ dexamethasone (±doxorubicin), 12 (25%) received thalidomide/ dexamethasone ( ± MEL or cyclophosphamide), 3 (6%) received bortezomib/thalidomide/dexamethasone ( ± cyclophosphamide) and 13 (27%) received non-bortezomib and non-thalidomide-based regimens. Second-line therapy in the systemic chemotherapy-alone group included bortezomib/dexamethasone ( ± doxorubicin) in 75 patients (52%), thalidomide/dexamethasone ( ± MEL or cyclophosphamide) in 37 (26%), bortezomib/thalidomide/dexamethasone (±cyclophosphamide) in 5 (3%) and non-bortezomib and nonthalidomide-based regimens in 27 (19%). Regimens given after relapse of front-line auto-SCT were similar between the two groups (P ¼ 0.447; Table 2 ). For second auto-SCT, the majority of patients (45, 94%) received MEL200 as a conditioning therapy, whereas the remaining 3 patients received MEL with BU (2, 4%) or bortezomib (1, 2%). Only one treatment-related death occurred following second auto-SCT. This patient died because of sepsis 25 days after second auto-SCT.
Novel agents used in salvage therapy during the course of the disease were bortezomib in 151 patients (79%), thalidomide in 138 (72%) and lenalidomide in 6 (3%). A similar proportion of patients in both groups received bortezomib and lenalidomide. However, thalidomide was used more frequently in the systemic chemotherapy-alone group than in the second auto-SCT group (80% vs 58%, respectively; P ¼ 0.016; Table 2 ).
Treatment outcomes and analysis of prognostic factors With a median follow-up of 55.3 months (range, 3.4-140.0 months), the median PFS and OS of the whole cohort were 11.4 months (95% CI, 9.0-13.8) and 35.4 months (95% CI, 24.3-46.5), respectively. In the second auto-SCT group, median PFS and OS were 18.0 months (95% CI, 15.2-20.8) and 55.5 months (95% CI, 46.2-64.8), respectively, and median PFS and OS in the systemic chemotherapy-alone group were 9.1 months (95% CI, 6.7-11.5) and 25.4 months (95% CI, 16.7-34.1), respectively. The PFS and OS of the second auto-SCT group were significantly better than those of the systemic chemotherapy-alone group (PFS, P ¼ 0.017; OS, P ¼ 0.035; Figures 2a and b, respectively) .
In univariate analysis for PFS, the ISS (P ¼ 0.001), serum b2-microglobulin level (Po0.001), serum creatinine level (P ¼ 0.038), response to front-line auto-SCT (P ¼ 0.026), TTP after first auto-SCT (Po0.001), conventional cytogenetics (Po0.001) and second-line therapy (P ¼ 0.017) were significantly associated Second salvage auto-SCT in multiple myeloma H-Y Yhim et al with progression (Table 3) . However, based on the multivariate analysis, p18 months of TTP after first auto-SCT (HR, 2.40; 95% CI, 1.56-3.69), high-risk cytogenetics (HR, 1.74; 95% CI, 1.14-2.67) and second-line chemotherapy alone (HR, 1.60; 95% CI, 1.04-2.46) were independent prognostic factors for shorter PFS (Table 4) . In univariate analysis for OS, the ISS (Po0.001), serum b2-microglobulin level (Po0.001), serum creatinine level (P ¼ 0.011), TTP after first auto-SCT (Po0.001), conditioning therapy at first auto-SCT (P ¼ 0.019), conventional cytogenetics (P ¼ 0.002) and second-line therapy (P ¼ 0.035) were significantly related to death (Table 3) . However, in multivariate analysis, p18 months of TTP after first auto-SCT (HR, 2.77; 95% CI, 1.49-5.14), ISS III (HR, 2.04; 95% CI, 1.09-3.82) and second-line chemotherapy alone (HR, 1.88; 95% CI, 1.09-3.22) were independent prognostic factors for reduced OS (Table 4) .
Based on the TTP after first auto-SCT and the ISS, patients were divided into two prognostic subgroups: a good prognosis subgroup and poor prognosis subgroup. The good prognosis subgroup was composed of patients who had TTP of 418 months after first auto-SCT and the ISS I or II, whereas the poor prognosis subgroup was composed of patients with a TTP of 18 months or less after first auto-SCT or ISS III. In an analysis of the good prognosis subgroup, OS was not different between the second auto-SCT group and the systemic chemotherapy-alone group (median, 75.3 vs 77.3 months, respectively; P ¼ 0.919), whereas in the poor prognosis subgroup, OS was significantly longer in the second auto-SCT group than the systemic chemotherapy-alone group (median, 49.9 vs 17.2 months, respectively; P ¼ 0.026; Table 5 ).
Effect of novel induction therapies before the second transplant Among the 48 patients who underwent second auto-SCT, 35 patients received induction therapy using novel therapies before second auto-SCT. Induction therapies using novel agents before second auto-SCT failed to provide an OS benefit over conventional VAD-like induction therapies (median, 58.8 vs 52.5 months, respectively; P ¼ 0.110), although novel induction therapies approached statistical significance for longer PFS compared with conventional therapies (median, 18.6 vs 11.9 months, respectively; P ¼ 0.051). However, when the PFS and OS were compared in patients treated only with VAD-like conventional therapies before their first auto-SCT, patients that received novel induction therapies before second auto-SCT had a significantly better PFS than those that received conventional induction therapies (median, 19.3 vs 11.9 months; respectively; P ¼ 0.048) and showed a trend for longer OS (median, 58.8 vs 52.5 months, respectively; P ¼ 0.088).
DISCUSSION
To address the impact of second auto-SCT in patients with multiple myeloma, we performed a matched-pair analysis at a ratio of 1:3 in a large series of patients. We chose this design to provide the highest level of evidence, because randomized trials comparing second auto-SCT to systemic chemotherapy alone have not been conducted. In this present analysis, we found that PFS and OS in patients who underwent second auto-SCT were superior to those of patients who received systemic chemotherapy alone, although fewer patients in the second auto-SCT group received thalidomide. Furthermore, second salvage auto-SCT was an independent predictor for survival. Approximately 80% of patients treated with systemic chemotherapy alone received bortezomib-or thalidomide-based therapies as second-line therapy. The survival outcomes of the salvage systemic chemotherapy-alone group, control arm in this study, support our findings. The international phase III trial of Assessment of Proteasome Inhibition for Extending Remission (APEX), which was conducted to compare bortezomib and dexamethasone in patients with relapsed multiple myeloma, of whom, 67% received prior auto-SCT, showed that bortezomib demonstrated superior efficacy to high-dose dexamethasone, with a median TTP and OS of 6.22 and 29.8 months, respectively. 5, 6 Although direct comparison between these two studies is difficult, survival outcomes in our systemic chemotherapy-alone group were comparable to those in the APEX trial. Consequently, it might be interpreted that our control arm would represent the outcomes of relapsed patients treated with novel biologic agents. Therefore, our results might provide a substantial evidence favoring second auto-SCT in patients with multiple myeloma who have relapsed after front-line auto-SCT.
Although there are no specific guidelines, there is a general consensus that salvage auto-SCT can provide benefits to patients who show evidence of a durable response for at least 18 to 24 months after their first auto-SCT. 18 However, an interesting finding in this study is that long-term remission after first auto-SCT is associated with favorable outcomes after relapse, irrespective of any kind of salvage therapy. Besides, our subgroup analysis revealed that survival benefit conferred by second salvage auto-SCT was more marked in patients with poor prognostic characteristics. These findings imply that TTP after first auto-SCT does not affect the choice of salvage therapy, but is simply a surrogate marker that reflects the biologic aggressiveness of the tumor. This idea is further supported by the previous observations of increasing survival after relapse with increasing duration of response to the front-line auto-SCT irrespective of subsequent therapies. [19] [20] [21] This is quite different from the previous reports that salvage auto-SCT is of greater benefit in patients with long-term remission. Clearly, caution is required in interpreting our results and comparing them with previous series because of methodological differences. Considering the consistently favorable outcomes in patients with long TTP after first auto-SCT and the current low mortality of salvage auto-SCT, we agree that patients with long TTP after first auto-SCT could benefit from second salvage auto-SCT. However, we found that second salvage auto-SCT in patients with poor prognostic characteristics, that is, a TTP of o18 months after first auto-SCT or ISS III, also provided benefits. This finding can be explained by the characteristics of our study population. Approximately 80% of patients included in this study received conventional VAD-like induction chemotherapy before first auto-SCT and more than two-thirds of patients did not receive any maintenance therapy following first auto-SCT. These data suggest that a substantial proportion of patients included in our analysis underwent front-line auto-SCT without novel therapies. However, for induction therapy before second auto-SCT, 480% of patients received novel therapies, including bortezomib and thalidomide. Thus, these findings imply that the second auto-SCT may have been a more intensive therapy than the first auto-SCT. Potential synergy between novel induction therapies and high-dose therapy in patients with poor prognostic characteristics may account for better outcomes seen in patients who underwent second auto-SCT in our study. Actually, comparison of the outcomes of novel induction therapies and conventional VAD-like therapies before second auto-SCT in patients who received VAD-like conventional therapy for their first auto-SCT revealed that patients treated with novel induction therapies had a better OS than those treated with conventional VAD-like therapies, although the difference was not statistically significant (P ¼ 0.088). This concept is also supported by observations that novel induction therapies, especially bortezomib, before auto-SCT could overcome the poor prognosis associated with chromosomal changes. [22] [23] [24] [25] [26] Therefore, these data suggest that second auto-SCT following short-course of novel induction therapies might be a reasonable option for overcoming the adverse prognosis or biologic aggressiveness of the tumors after relapse. Unfortunately, interphase FISH data were not available for the majority of cases in our study. Although del(13q) and hypodiploidy identified by conventional cytogenetic techniques were associated with worse PFS and OS, the outcomes of specific chromosomal abnormalities were not fully assessed in this study because of the extremely small number of patients with each abnormality. Therefore, prospective studies in larger populations are needed to validate the relationship between novel induction therapies before second auto-SCT and clinical outcomes and chromosomal changes. Nevertheless, our study suggests that second salvage auto-SCT following novel induction therapies might be effective in patients with multiple myeloma who have relapsed after front-line auto-SCT, especially those who received conventional induction therapies, irrespective of the presence of prognostic characteristics, such as early relapse after first auto-SCT and ISS III. As with all other observational studies, our study has limitations. The present analysis is virtually based on retrospective data with a small number of patients and the choice of therapy after relapse is often governed by a complex list of unmeasured factors that can potentially affect outcomes. Although we adjusted for potential risk factors by a matched-pair analysis, only a randomized trial comparing second auto-SCT to systemic chemotherapy alone can exclude potential selection bias. In addition, although the median follow-up duration of our study was 44.5 years, late convergence between two groups in the Kaplan-Meier survival curve for OS is needed for further follow-up. Nonetheless, our study is the first to show the benefit of second salvage auto-SCT compared with systemic chemotherapy alone. Hence, further prospective studies are required to validate our observations and optimize treatment strategies to improve outcomes in patients who relapsed after front-line auto-SCT.
In conclusion, the outcomes of second salvage auto-SCT appear superior to those of systemic chemotherapy. In addition, second salvage auto-SCT was an independent predictor of better survival. Considering the low mortality associated with second auto-SCT, our results might provide substantial evidence for performing second auto-SCT after relapse and suggest the value of performing a prospective randomized trial comparing second auto-SCT and systemic chemotherapy alone in patients who relapsed after front-line auto-SCT. 
